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The infrared-absorption spectra associated with transitions from donor states to conduction
subbands in GaAs–~Ga,Al!As quantum wells are systematically studied. The absorption spectra are
calculated within the effective-mass approximation and with a variational procedure for evaluating
donor energies and envelope wave functions. Calculations are presented for incident radiation
polarized both in the growth direction and in the plane perpendicular to it. Theoretical results are
analyzed for different quantum-well widths and51,2 conduction subbands, and compared with



















In the past years there has been a considerable interes
the physical properties associated with semiconductor sup
lattices and heterostructures.1 This is connected with the po-
tential device applications of these systems.2–4 One of the
aspects of fundamental interest is the study of impurity stat
associated with semiconducting heterostructures. Basta5
was the first to study the properties of shallow hydrogen
impurities in quantum wells~QWs!. He considered an infi-
nite QW and studied the optical-absorption spectra asso
ated with transitions involving valence subband→ ‘‘donor-
impurity band’’ and ‘‘acceptor-impurity band’’ →
conduction subband. His work was followed by more de
tailed investigations.6–10Greene and Bajaj6 studied the ener-
gies of the ground state and a few excited impurity state
taking into account the finite barrier at the GaAs QW inter
faces, whereas Mailhiot, Chang, and McGill7 considered
both the effects of the dielectric-constant and effective-ma
mismatches at the interfaces. Tanaka, Nagaoka, a
Yamabe8 considered impurity states in finite QWs with
asymmetric barriers, and Masselink, Chang, and Morko¸
studied the effect of the complex valence-band structure o
the shallow acceptor states in GaAs–~Ga,Al!As QWs. Ol-
iveira and Pe´rez-Alvarez10 analyzed the optical-absorption
spectra associated with shallow impurities in GaAs
~Ga,Al!As QWs. Experimentally, the observation of
acceptor-related features in the photoluminescence spectra
GaAs–~Ga,Al!As QWs was reported by Milleret al.,11 and
properties of donors in those QWs have been studied
Shanabrook et al.12,13 ~see also the reviews on the
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subject14–16!. Oliveira and López-Gondar17 theoretically
studied the acceptor-related photoluminescence spectra
GaAs–~Ga,Al!As QWs, whereas Oliveira and de
Dios-Leyva18 considered the effects of shallow acceptors
the QW photoluminescence process under steady-state e
tation conditions, and calculated carrier densities, electr
and hole quasi-Fermi levels, and various radiative decay li
times as functions of the cw laser intensity, well widths
temperature, and acceptor distribution in the well. Althoug
there is quite a considerable amount of experimental a
theoretical work on hydrogenic impurities in QWs, there a
still some theoretical aspects to be considered, and exp
mental work is not complete.
II. THEORY
The present work is concerned with the infrared
absorption spectra associated with transitions between
donor-impurity band and the conduction subbands for
GaAs–Ga12xAl xAs QW. We assume that the temperature
low enough (T!100 K! such that each donor state is filled
with an electron. The Hamiltonian of a shallow hydrogen
donor in a GaAs layer sandwiched between two semi-infin











in which the barrier potentialV~z! is taken to be a square well
of heightVb and widthL. The sizeVb of the barrier is taken
to be 60% of the band-gap discontinuity,DEg ~eV!51.247x,
in the GaAs–Ga12xAl xAs heterostructure for the conduction
band.19,20 In Eq. ~1! zi is the position of the impurity with
respect to thez50 origin chosen at the center of the well
r5[r21(z2zi!
2#1/2, with r5(x21y2)1/2, is the distance
from the carrier to the impurity site,e0512.35 is the static
,
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 [Thdielectric constant,m*50.0665m0 is the effective mass~we
assume the values of the dielectric constant and effect
mass to be the same as in GaAs for all regions of the hete
structure!, andm0 is the free electron mass. In calculating th
donor energies we use a variational procedure and an im
rity trial wave function which is allowed to penetrate into th
Ga12xAl xAs barriers, i.e., we use as the donor ground-sta
envelope wave function a simple one-parameter variatio
1s-hydrogeniclike wave function times the ground-sta
g1~z! solution for the QW without the impurity potential,
21
and one readily obtains the donor energies and envelo
wave functions, for each impurity position, by minimizing
the Hamiltonian with respect to the variational parameter
the 1s-like part of the envelope wave function. For the con
duction miniband one uses the usual envelope wave funct
gn~z!exp(ik'–r! [gn(z) is the solution for the QW without
the impurity potential#, wheren is the quantum number as-
sociated to the specific conduction miniband in conside
ation.
For a single impurity located atz5zi , the transition
probability per unit time for the donor state→ conduction
miniband transition is proportional to the square of the m
trix element of the electron–photon22 interaction between the








u^ f ue–pu i &u2d~Ef2Ei2\v!,
~2!
where s means summation over spin,e is the polarization
vector in the direction of the electric field of the radiation,p
is the momentum operator,A0 is the photon vector potential,
and the other symbols have their usual meaning. For
GaAs–Ga12xAl xAs QW of width L, the transition probabil-
ity per unit time~associated with a single impurity located a









whereY(x) is the step function,N5(1/̂ cuc&)1/2 is the nor-
malization factor for the impurity wave function, andNb
0 is
the normalization factor for the wave function associate








where E(L,zi) is the donor binding energy. For







wherel is the impurity-wave function variational paramete
ex , ey , andez are the components of the polarization vecto
e, andJ1
0 andJ2
0 are cumbersome functions ofzi ,l, k'~v!,J. Appl. Phys., Vol. 80, No. 2, 15 July 1996
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and of the QW widthL. In the case of transitions from the
donor-impurity band→n52 conduction subband, a similar
expression to Eq.~3! may be obtained.
For the case of a donor located at the center of the QW
an analysis for the donor→n51 conduction subband tran-
sitions using the expressions forJ1
0 andJ2
0 in Eqs.~3!–~5! ~or
similar equations for the donor→n52 conduction subband
transitions! shows that for an incident radiation with polar-
ization exÞ0 and/oreyÞ0, with ez50, the transition is al-
lowed ~forbidden!, whereas forex5ey50, with ezÞ0, it is
forbidden~allowed!.
Finally, we consider the total transition probability per
unit time, for a distribution of impuritiesP(zi) inside the




dzi P~zi !WL~zi ,v!. ~6!
III. RESULTS AND DISCUSSION
To carry out the numerical calculations, we considered a
30% Al concentration in the barrier, and both the cases in
which the polarization vector of the electric field of the inci-
dent radiation is either in the plane perpendicular to thez
growth axis~i.e.,ez50!, or the incident radiation is polarized
along thez axis (ez51!. For simplicity, we have assumed an
homogeneous distribution of impurities@i.e., P(zi)51/L in
Eq. ~6!# within the QW.
Figure 1~a! shows theez50 infrared-absorption spec-
trum W(v) ~in units of W0) corresponding to donor-to-
ground conduction subband transitions for a homogeneou
distribution of donors in anL510 nm GaAs–Ga0.7Al0.3As
QW ~solid curve!. Also, the contributionsW(zi ,v) are
shown for two different impurity positions, on edge~dotted
curve! and on center~dashed curve!. As expected, there is no
absorption for\v,E(L,zi). A comparison of the absorption
spectra associated with transitions from the donors to th
n51 conduction subband~solid curve! and to then52 con-
duction subband ~dashed curve! for a L510 nm
GaAs–Ga0.7Al0.3As QW is presented in Fig. 1~b!. It is appar-
ent that the absorption for transitions to then52 conduction
subband is very weak in comparison to the absorption fo
transitions to then51 subband. This is due to the poor over-
lapping of the wave functions of the donor states with the
n52 subband states in comparison with the overlap with
electron states associated to then51 conduction subband.
In Fig. 2 theez50 infrared-absorption spectraW(v) ~in
units ofW0) are shown for donor-to-ground conduction sub-
band transitions, and GaAs–Ga0.7Al0.3As QWs of different
widths. Note that the narrower the QW, the higher the value
for the absorption peak obtained, and that the energy corre
sponding to this maximum as well as the threshold energ
increase. This behavior shows, for example, the importanc
of using narrow QWs for stronger absorption.
Finally, Fig. 3 shows thez51 infrared-absorption spec-
tra associated to transitions from the donor-impurity band to
the n51 conduction subband considering an homogeneou
donor distribution within theL540 nm GaAs–Ga0.7Al0.3As
QW. The theoretical results are in good agreement with the
63 cm21 peak of the absorption spectrum measured by Helm1143Sabin del Valle, de Dios-Leyva, and Oliveira
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 [Tet al.,23 which was then assigned to transitions involving th
conduction minibandsn51 andn52. We believe our theo-
retical results in Fig. 3~valid at low temperatures,T!100 K!
indicate that the experimental feature around 63 cm21'7.8
meV, observed by Helmet al.23 atT56 K ~see Fig. 5 of Ref.
23! corresponds essentially to transitions from the groun
state 1s-like donor states to then51 conduction miniband,
and as the temperature increases~see experimental data a
T520 K and T560 K!, the donors become ionized, the
n51 conduction subband becomes occupied, and
n51→n52 conduction transitions are then dominant.
It is important to note that, in contrast to bulk diluted
doped materials, where the donor level is a sharp and d
FIG. 1. ~a! Infrared-absorption spectrum~in units of W0! for transitions
from the donor impurity band to the ground conduction subband for aL510
nm GaAs–Ga0.7Al0.3As QW doped with an homogeneous distribution o
impurities ~solid curve!. The dotted curves correspond to the absorptio
contribution due to on-edge and on-center donors.~b! Absorption spectra~in
units ofW0! for transitions from the donor impurity band to then51 con-
duction subband~solid curve! and to then52 first excited subband~dashed
curve! for a L510 nm GaAs–Ga0.7Al0.3As QW. For both~a! and ~b! the
incident radiation hasez50 in-plane polarization, i.e., the polarization is in
the plane perpendicular to the growth axis.1144 J. Appl. Phys., Vol. 80, No. 2, 15 July 1996
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crete one, those infrared-absorption spectra from don
impurity band to conduction subbands provide som
information on the width of the donor-impurity band in
GaAs–~Ga,Al!As QWs, as donor levels may strongly depen
on the impurity position. Also, as we are treating donors
GaAs–~Ga,Al!As QWs, we have used the standar
parabolic-band model in the effective-mass approximati
~which has proved to be adequate in a number of physic
situations of donors in QWs! in order to obtain the impurity
energy levels and envelope wave functions within a vari
tional procedure. Of course, if one is interested in treating t
similar acceptor problem, the complex structure of the v
lence band must be taken into account for a realistic descr
tion of the acceptor-related infrared absorption.
f
n
FIG. 2. Infrared absorption spectra~in units ofW0! for transitions from the
donor impurity band to the n51 conduction subband for
GaAs–Ga0.7Al0.3As QWs of different widths and doped with an homoge
neous distribution of impurities. The incident radiation hasez50 in-plane
polarization, i.e., the polarization is in the plane perpendicular to the grow
axis.
FIG. 3. Infrared-absorption spectra~in units ofW0! for transitions from the
donor impurity band to then51 conduction subband~solid curve! and to
the n52 first excited subband~dashed curve! for an L540 nm
GaAs–Ga0.7Al0.3As QW doped with an homogeneous distribution of impu
rities. The incident radiation is polarized along the growth axis, i.e.,ez51.
The arrow in the horizontal axis corresponds to a peak in the experimen
results of Helmet al. ~see Ref. 23!.Sabin del Valle, de Dios-Leyva, and Oliveira
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In conclusion, we have analytically calculated th
infrared-absorption spectra associated with transitions fro
the donor impurity band to the two lowest conduction sub
bands. Also, we have studied in some detail the total tran
tion probability per unit time considering a range o
quantum-well widths, transitions to different conduction sub
bands, and different polarizations of the incident radiatio
Although experimental data for a systematic compariso
with our theoretical results are still incomplete, we believ
the present study would be of help in the quantitative unde
standing of future experimental work in the area.
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